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APPLICATION OF TIME-RESOLVED SPECTROSCOPIES TO THE STUDY OF
ENERGETIC MATERIALS — 1982

180 Introduction

The research described in this report is a continuation of an
experimental program to apply short pulse laser techniques to determine the
critical reactions that lead to explosions and detonations in energetic
materials. The objectives of the program are to identify, and where possible,
control the important initial stages of energetic reactions. In order to
accomplish this, laser techniques are being applied to initiate the reactions
and to probe (with the requisite time resolution of ca. 10”11 sec.) the
subsequent chemistry. Previously, we have employed picosecond bursts of uv
laser radiation to (nearly) instantaneously deposit significant amounts of
energy in small relevant molecules and have applied ultrafast spectroscopy to
follow the subsequent molecular fragmentation and photophysics. This work has
been quite successful and we summarize results in Section B. Because shock
plays such an important role in the detonation process, greater emphasis will
be placed on initiating chemistry with laser driven shocks in FY83 and in
future years. (See Section C. By repeatedly shocking small amounts of
different materials as a function of peak pressure and by utilizing laser
spectroscopy to identify the resulting products (e.g. free radicals, new
species, etc.) it is hoped to better understand the role of shock in

detonation.

The experiments were performed in the Short Pulse Section of the
Optical Probes Branch (Code 6510) at NRL in collaboration when appropriate
with other research groups at NRL currently participating in the SFP for
controlled energy release. Collaboration with Georgetown University's
Chemistry Department under this project has been very productive and will
continue to be supported. A substantial part of the program is supported by
the ONR Special Focus Program in Energetic Materials.

Manuscript approved February 18, 1983. 1



IT. Progress FY82

The fluid-mechanical phenomenon of detonation is reasonably well
understood but the detailed chemical reactions and thermodynamics that cause a
detonation are still largely a mystery. For many explosives even the final
chemical composition after detonation is not accurately known and the reaction
mechanisms are only guessed. The lack of relevant data is due in part to the
difficulties of identifying short lived molecular species under the extremes
of temperature and pressures generated in explosives. Recent advances in
laser techniques tantalizingly suggest that it should be possible to chart
the precise initial physical and chemical changes occurring in such reactions.
Unfortunately, it presently appears to be too difficult to apply such laser
spectroscopic techniques directly to actual explosions at this time and
hope to unravel the molecular sequence of events. However, it should be
possible to learn a great deal by applying existing probes to simplified
.pseudo-detonations; while at the same time developing the necessary probes
and protocols to eventually allow realistic detonation studies. Consequently
during the past year detonations have been mimicked by using picosecond
duration UV light pulses to dissociate small relevant molecules in the gas
phase. The picosecond timescale of these experiments is a good approximation
to the rapid energy uptake of molecular species from a detonation wave. The
immediately formed excited states and fragments and their rates of decay to
other species should bear close resemblence to those occurring in explosive
detonations. The goal of these studies was to identify species, measure their
lifetimes and determine which spectroscopic techniques would be best for their
detection. In those cases where detection has proven difficult with existing

techniques, new diagnostic schemes are under development,



A variety of emissive fragments (CN, Cy, NH, CH, NO,, etc,) have been
generated bf u.v. photolysis of several parent molecules. These fragments are
species we ekpect to see in the initial steps of nitramine chemistry. Parent
molecules studied include Nitromethane (Section i), Acetonitrile (Section ii),
and cyanobearing species (Section iii). The studies described in i detail
simple low intensity dissociation of the parent molecules via a one photon
process. In section ii and iii, the light fluxes were considerably higher and
the fragmentation caused by two and three photon processes as well as the
creation of 'super excited' states. Section iv gives a short description of
an extremely useful spectroscopic technique called picosecond continuum
broadband CARS, which has been recently developed under this program,

(i) Nitromethane

An extensive series of experiments were performed on nitromethane
gas and on several compounds related to nitromethane. The gas at
pressures from 0.1 to 10.0 torr was photolyzed with pulses at 264 nm,
the fourth harmonic of the Nd:glass laser. A second laser pulse at 527
nm, delayed with respect to the first photolyzing pulse, was sent into
the gas to probe the species present by the laser induced fluorescence
technique (LIF). Light emitted from the gas cell was detected with a
phototube/ oscilloscope system, the spectrum of the light being
determined by combinations of color filters.

In summary the findings were as follows:

1) Nitromethane is photolyzed by 264 nm light to yield the CHjy

(methyl) and NO, radicals. The NO; radical is identified by its



emission spectrum, emission lifetime, and considerations of
energetics. The methyl radical is not observed directly, but

its presence is inferred from the observation of NOj.

2) The time required for the decomposition of CH3NO5 upon
absorption of a 264 nm photon is wvery short, less than the 5 ps
resolution of our glass laser.

3) The photolysis is a single quantum effect - i.e. the yield of
NO, is linear in UV energy.

4) Two species of NO; are produced in the decomposition of
nitromethane: ground state NO5 and electronically excited NO2*.
The ground state fragments can be seen only when they are exposed to
the LIF probe pulse which excites them to emit light. The NO2*
fragment is created in an emitting state. The latter species is
probably kinetically "hot" (i.e. fast moving) since its emission
(collisional) lifetime is significantly shorter than the LIF-probed
ground state NO,.

5) The quantum yield of NO; is high - 70% * 30% - thus most UV
photons absorbed by nitromethane result in molecular decomposition.
6) The analogs of nitromethane do not all respond in the same
fashion. Deuterated nitromethane and nitroethane appear to
vphotolyze in a manner indistinquishable from nitromethane.
2-methyl-2 nitromethane and chloropicrin (trichloro-nitromethane)
yield NOZ* fragments, but no ground state NO,. LIF techniques
produce no signal. The quantum yield of NO2* from chloropicrin is

perhaps ten times as large as that for nitromethane.



Several follow-on experiments were performed on these materials,
prompted by thé observations 4) through 6) above on quantum yields.
Noting ffom the UV absorption spectra of these compounds that they
have at least two electronic transitions in the energy neighborhood
of our photolyzing pulse. The photolyzing energy was shifted
using a Raman-shifting cell, The two electronic transitions are
labeled n-1* for the higher energy and n-1* for the lower, with the
n-1* absorption generally being regarded as responsible for the
photolysis of nitromethane. The evidence from the Raman-shifted
photolyzing experiments is that the w-n* transition is responsible
for decomposition to the N02* fragment, while n-n* excitation at
lower energies causes photolysis to ground state NO,. Results for
chloropicrin were consistent with earlier observations -only N02*
was observed -LIF revealed no ground state NOy, and when lower
energy photolysis was attempted such that the n-n* transition was
not activated, no photolysis of any sort was cbserved.

One significant fact from the viewpoint of obtaining information
about energetic materials that should be emphasized is that the
kinetic energy of the fragments (i.e. their molecular velocity)
appears to be a function not directly of the photon input but rather
of the electronic state excited: the w-n* transition results in
fast moving photofragments. Thus maximizing energy output from a
fuel or explosive may depend critically upon the predissociative
states available in that material and upon our ability to access

those states.



(ii) Acetonitrile

In cohtrast to the studies with acetylene (reported in last year's)
all emissive fragments (CN, Cy, NH, and CH) from acetonitrile
appear with pressure-dependent rates. The dominant components of
emission are the CN B2r+»>x25+ violet system and the C,d3lig+a3fu Swan
system., Over the pressure range 0,27-10 torr, the temporal properties of
these emissive fragments have been studied.

The rise of the CN and C, populations have been characterized by
pseudo first order rate constants k1V and k1s, which exhibit a linear
pressure dependence, The formation rates of the fragments must correspond
to the decay rates of some unobserved precursors; and the zero pressure
intercepts reflect unimolecular processes depleting the precursor. The
removal rate for the precursors in collisions with the parent CH3CNwas
determined. For CN B2:I*, the bimolecular quenching constant, kq, of
13£2x10710cm3s-1 and for c, a3l kq is 19+1x10~10cm3s~1, The non-zero
intercepts correspond to precursor lifetimes of 20 ns (CN B state) and 33
ns (Cy d state). The large kq's suggest precursors of ionic or Rydberg
character., The former has been ruled out; identical formation rates were
obtained in the presence of an applied field of 475v/cm.

Results with isotopically labeled CH3CN, make it evident that, as
for CyHy, a major portion of emissive CN and Cy consist of atoms from a
single parent molecule, It has been shown that the preferred channel of
CN B state formation preserves the CN moiety of the parent (i.e., CN
production involves C-C cleavage). However, the spectrum from 12CH313CN
confirms the existence of a CN channel involving methyl carbons (i.e., an

isomerisation process is involved).



(iii).

The isotope experiments establish that the formation rate constants,
kqV and k1S are composite; they approximate multiple formation channels
to a single exponential process. It is possible to compare the rise of
emission at the 12c14N(0,1) band head for the 13cH312¢14N and
12cH313c14N parents. Such 12C14N can not be generated through identical
reaction pathways for the two labeled isotopes. Nevertheless, waveforms
obtained at 5, 2, 1 and 0.5 torr display very similar pressure-dependent
risetimes. This suggests a common precursor for the different source
channels. Conceivably the intramolecular Cy channel also shares the
same intermediate. We consider super excited states e.g., CHZCN**,
cHCON** may very be precursors.

Other Cyanobearing Parents

Preliminary fragmentation studies of CyN, and CICN indicate that
CN B is a dominant product. However, for these parents, we are able to
discern a prompt B state population in addition to a pressure-dependent
component (the risetime of this process is slower than that for CH3CN) .
The prompt CN emission from CH3NO; and the delayed emission from CH3CN
have been observed This observation is remarkable when one considers
the CN bond energy in each parent: 59cal mol~! (CH3NO5), 213 keal mol-1
(CH3CN). It was determined that the single photon excitation of CH3NO, at
264 nm results in NOp cleavage with an efficiency of 0.7 (#0.3). Evidently
at higher flux levels we are able to compete with the dissociation channel
and produce a prompt CN emissive fragment. Neither m-nitrotoluene nor
o-nitrotoluene produced emissive CN, Cy emission was observed from

o-nitrotoluene but not from the meta form.



(iv)

Picosecond Continuum Broadband CARS

Thié method utilizes a picosecond white-light continuum
generatéd in a nonlinear medium as Stokes light in a four photon
coherent Raman process and enables an extensive, time resolved
antistokes spectrum to be obtained in a single laser shot. Complete
information on the position and population of Raman active modes is
thus obtained. In normal CARS, three beams are used to generate a
fourth intense coherent beam called the antistokes wave.
Experimentally, one intense laser source, at wr, is used to provide
two of the beams. This is mixed with a Stokes beam at a frequency
wgsuch that the difference frequency condition, wp - wg = wy, is
satisfied where wy is a Raman active vibrational mode. A fourth
beam, called the antistokes, is generated at the frequency wag = 2wr,
- wg. Photons at wg and wpg are created at the expense of photons
lost from the field at wy,. In the broadband CARS setup, the laser
source is at 527 nm and a red continuum constitutes the Stokes
source., Consequently a broad antistokes ccntinuum is generated in the

blue with resonances, wpag = 2wy, - wg, corresponding to the Raman-active

vibrational resonances, w, - Wg wy, of the system under study. The
antistokes beam is monitored by a spectrograph coupled to a linear

photoelectric recording system and the complete spectrum is conveniently

displayed on an oscilloscope.



ITT. Shock Wave Studies in Condensed Media

Some of the most energetic explosives would not detonate at all were it
not for their nonuniform mechanical response to shock waves. However, the
manner in which this mechanical form of energy initiates explosive reactions
in condensed media is unfortunately not clearly understood. There are two
principle trains of thought currently on the subject. In one interpretation,
often called the "catastrophic" theory of shock,lr2 non-thermal concentrations
of energy in certain bonds or vibrational degrees of freedom are induced in
molecules on very short time scales (<100ps) by the passage of a shock wave.
These inequilibria in the internal excitation then cause bond breakage, free
radical formation, polymerization, isomerization and other effects which are
not observed in systems subjected to similar stresses from static temperature
and pressure. The opposing interpretation, favoring a "benign" theory of
shock holds that the above list of effects is due simply to the local rise of
temperature and pressure caused by the shock, and that molecular systems relax
and redistribute energy among their internal degrees of freedom much more
rapidly than any processes occurring in or induced by a shock wave. In this
view the shock plays an important role only insofar that it provided a
convenient mechanism for quickly heating the explosive.

At present it has not been possible to determine which of the above
views is correct because of a scarcity of appropriate data on shock induced
transient species. It is extremely difficult to characterize chemical
reactions under the extremes of temperature and pressure generated in
explosives, Even in test systems under less stressful conditions,
experimental difficulties arise in the shock generation process and in
synchronizing diagnostic techniques to the subsequent chemistry as well as the

single shot nature of the experiments. The laser diagnostic probes that are



being developed under this contract would of course be extremely valuable in
obtaining suéh data. Recently, for example, pulsed spontaneous Raman
spectroscopy has been utilized to estimate the temperature behind a detonation
shock wave in nitromethane. However, the low repetition rate (~1/day) of

this conventional type of experiment and the problems of synchronizing laser
to blast wave make this a difficult approach. A program of laser driven shock
wave studies coupled with spectroscopic identification of reaction products
would avoid synchronization difficulties and could however be performed on a
table top setup with respectable repetition rates (~10/hr).

For the last decade, laser fusion programs have been utilizing laser
ablative techniques to generate extremely high pressures (>100 Mbar) to
compress hydrogen microballoons. We propose to utilize a scaled down (table
top) version of this technology to generate shock pressures in the 10-300 kbar
range. The physics of the formation and decay of laser-generated shock waves
is well known and can be adequately described by a hydrodynamic model.6
Several groups have generated stress shock waves of this magnitude in
materials studies but have not to date applied these techniques to the
study of energetic materials. 1In addition, no one has employed laser probes
to examine the states of molecules behind such laser driven shocks. These
extensions while obvious and straightforward, will represent a significant
advance in the field. The high repetition rates available with this approach
would allow extensive experimental surveys to be conducted. It should be
possible to repeatedly shock small amounts of different materials as a
function of peak pressure and to utilize laser spgctroscopy to identify
excited state species, molecular conformational changes, free radical

formation and new species production.

10



Consequently, as part of NRL's Special Focus Program on Controlled
Energy Release in Energetic Materials a Laser Driven Shock Wave Test facility
based on this concept will be constructed, A laser is used to heat a thin
opaque metal film contacted to the sample (or acting as a window in the case
of a liquid). Rapid heating causes metal evaporation, partial target blowoff
and generation of an intense shock wave in the film. The shock wave
propogates from the remaining metal into the HE and the subsequent reactions
followed using laser spectroscopy.

A high Laser beam is required to achieve intensities sufficient to
generate 100 kbart pressures over an area large enough (~1mm2) to counteract
additional rarefaction waves which propagate from the sides of the stressed
region., A 1J laser, focused to 1mm2 will vield pressures of approximately 100
kbar®., The laser test facility should therefore allow samples of greater than
1 mm3 to be shocked. A portion of the driver laser pulse can be temporally
truncated and employed to generate additional probe frequencies.

On-line Schlieren interferometry or reflectivity measurements will be
employed to characterize the shock front on a shot-to-shot basis.

Reflectivity measurements are especially attractive as they also yield an
on-line estimate of the shock pressure (via the induced change in index of
refraction) and will allow the Hugoniot relationships to be determined for
materials of interest. Laser probing of chemical changes as a function of
time after shock front excitation can be performed. The spatial separation
between the shock front and the region probed allows a well defined time
interval to be accessed (time delay = distance/shock velocity). This should
allow the chemical kinetics to be followed on a nanosecond time scale. Tt is
also possible (and simpler) to remove the sample after shocking and search for

end product species using sensitive c.w., Raman techniques. The goal of this

11



work, however is to employ fast laser spectroscopy to identify the initial
steps in shock induced chemistry and compare them with other mechanisms

resulting from other initiation techniques.
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Ground-state NO, radicals are formed in <S ps with a quantum yield of ~70% in 264 nm photolysis of low pressure
nitromethane, as revealed by laser-induced fluorescence probing. Raman shiftcd photolyzing pulses indicate the NO, yield
varies little with wavelength, although a small yield of excited state NO3 produced at 264 nm increases significantly at

238 nm,

1. Introduction

The UV photolysis of nitromethane has been
studied extensively for many years [1-9]. A number
of authors have inferred, generally on the basis of
chemical analysis of final products, that the primary
photodissociation process leads to formation of the
free radicals CH; and NO,. However, identification
of these fragments has been difficult because of their
high reactivity, The first direct evidence for their
presence among the photolysis products of nitro-
methane was provided by the electron paramagnetic
resonance experiments of Bielski and Timmons [3].
Colles et al. [7] utilized optoacoustic detection to
provide the first spectral identification of the NO,
fragment from continuous photolysis of nitromethane.
Recently, laser techniques using UV [8,9] and multi-
photon IR [10,11] excitation have led to the genera-
tion and detection of the NO, fragment. In the case
of UV laser photolysis in the gas phase, Spears and
Brugge observed vibrationally excited NO, fragments
by means of laser-induced fluorescence (LIF) on a
microsecond time scale [8]. However, experiments by
Kwok et al. [12] employing nanosecond 266 nm ex-
citation of nitromethane in a supersonic molecular
beam and mass spectroscopic fragment detection
techniques, observed no photodecomposition under
collision-free conditions. More recent work by this

* A preliminary account of this work was presented at the Xth
International Confcrence on Photochemistry [25].

group, using 248 nm photolysis, has resulted in ob-
servation of NO, photofragments [13].

In this letter, we report the first direct observation
on a picosecond time scale of fragment formation in
the UV photolysis of gas-phase nitromethane. Using
a dual-beam experiment with LIF probing, we have
determined that NO, fragments, identified from their
fluorescence spectrum and kinetics, are generated
promptly and with high quantum yield by the 264 nm
excitation, within the 5 ps pulse resolution of the ex-
periment. This supports assignment of the primary
reaction as:

h
CH;NO,—> CH; +NO, . (1)

2, Experiment

The nitromethane samples were obtained from
Baker reagent grade material, which we distilled under
nitrogen, collecting the middle fraction, b.p. 101—
102°C. Individual samples were degassed by several
freeze—thaw vacuum pumping cycles. Samples of
0.1—10 Torr pressure were loaded into a 15 cm diam-
eter stainless-steel cell whose interior walls had been
coated with black Teflon to reduce scattered light.
The entrance and exit cell windows were of lithium
fluoride, and internal baffling was provided to pre-
vent window fluorescence induced by the laser pulses
from reaching the photodetector. Light emitted at 90

o
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Volume 90, number 4

from the laser path was collected by a lens and focused
through long-wavelength-pass color filters onto a slit

in front of an EMI 9658 phototube. The tube had an
S-20 photocathode (red sensitive to 900 nm) and a
pulse response (fwhm) of 20 ns. The signal was pro-
cessed by a Tektronix 7912AD digitizing oscilloscope
coupled to a Tektronix 4052 computer for time inte-
gration of waveforms and for data manipulation and
storage.

The laser was a passively mode-locked Nd : phos-
phate glass oscillator/amplifier system [14] which
generated 1054 nm single pulses typically of 5 ps du-
ration and 25 mJ energy at a repetition rate of 0.2 Hz,
The IR pulse was frequency-doubled twice to give a
photolyzing UV pulse energy of up to 3 mJ at 264
nm. The residual IR pulse energy was separated from
the direct laser path by a beam splitter and was fre-
quency-doubled independently, to give a probe pulse
of up to 5 mJ at 527 nm. The probe pulse was direct-
ed along an optical delay line, and subsequently re-
combined co-axially with the photolyzing pulse. Both
pulses were then sent into the sample cell without
focusing, giving a photolyzing beam diameter of ~4
mm. Pulse energies were monitored independently
with joulemeters on each shot, and were used to nor-
malize the observed sample fluorescence data. The tem-
poral and spectral quality of the pulses were moni-
tored as the experiment progressed by a two-photon
fluorescence cell/vidicon and by a 0.8 m spectrograph/
Reticon array,

The zero time delay between the UV and probe
pulses was determined by a photobleaching measure-
ment in which the two pulses were focused into a thin
cell filled with rthodamine 6G dye solution, The UV
pulse depopulated the dye ground state sufficiently
that a weak probe pulse arriving after the UV pulse
was transmitted.

3. Results

Fig. 1 shows two representative traces of fluorescence
intensity versus time, averaged over eight laser shots,
for a nitromethane pressure of 2.2 Torr. The lower
trace shows the fluorescence signal for the UV pho-
tolyzing pulse alone. The upper trace was generated
by a UV pulse plus a 527 nm probe pulse delayed by
~200 ps. A probe pulse alone produced virtually no

14
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Fig. 1, Fluorescence from photolyzed nitromethane at a pres-
sure of 2.2 Torr, averaged for eight laser shots. Lower trace
shows emission resulting from excitation with 264 nm (UV)
puises; upper trace shows emission produced by UV irradia-
tion followed after a 200 ps delay by a 527 probe pulse, Emis-
sion is filtered in both cases with a Corning 2-73 filter which
transmits wavelengths >560 nm.

signal either initially or after hundreds of UV shots
into the cell. The emission in fig. 1 was filtered by a
Corning 2-73 filter, which transmits wavelengths
longer than ~560 nm, While the UV pulse itself obvi-
ously produces a fluorescing fragment, input of the
527 nm pulse has increased the fluorescence intensity
roughly three-fold,

The observed fluorescence has a risetime that is
phototube limited; its decay can be fitted satisfactori-
ly, within constraints of the noise, by a single-expo-
nential fall time which is dependent on gas pressure,
The decay time for the signal in the UV-only caseis
~0.7 times that for the LIF signal, suggesting that the
initially excited fragments may have a greater colli-
sional cross section or may be produced with a higher
velocity distribution than the ground-state product,
The integrated fluorescence intensity reaches a maxi-
mum at 10 Torr of nitromethane, but the quenching
rate at this pressure is too fast to be resolved with our
phototube. At our lowest usable nitromethane pres-
sure of 100 mTorr we observe a decay time of ~1.6
us. A Stern—Volmer plot of decay rate versus pressure
is linear over the pressure range of our experiment,
and when extrapolated to zero pressure, indicates a
natural lifetime that is quite long. This is consistent
with emission from the NO, species whose collision-

273
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free (<1 mTorr) lifetime is approximately 100 us [15].
The spectral character of the fluorescence emission
in both single beam and LIF experiments was also con-
sistent with NO, . Since the signal level was too weak
to yield a spectrum with a monochromator or intensi-
fied vidicon system, a sequence of long-wavelength-
pass filters was used to study the region from probe
wavelength to beyond 750 nm, The observed emission
was spectrally broad, extending throughout the sensi-
tivity region of the phototube, and without any ap-
parent strong narrow-line emission features. Band-pass
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Fig. 2, Fluorescence power-law dependence in nitromethane
photolysis at 0.2 Torr: time-integrated fluorescence signal
versus UV excitation pulse energy, Upper trace: Fluorescence
caused by UV-only excitation, Lower trace: Fluorescence
caused by UV + probe excitation, normalized to probe pulse
energy. Probe time delay was 1 ns.
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filters isolating regions of possible CN and HNO emis-
sion showed no discernable signal. Similarly, the anti-
Stokes side of the probe wavelength was studied and
gave no signal to within our detection limit.

We performed a series of experiments to determine
the power-law dependence of the fluorescence. Fig. 2
shows a log—log plot of the time-integrated fluores-
cence intensity as a function of UV pulse energy, for
individual laser shots. The lower curve shows the UV +
probe induced fluorescence, normalized by probe pulse
energy. The upper curve shows UV-only induced fluo-
rescence. Both curves exhibit a unit slope extending
over almost two decades in UV energy, indicating an
effect linear in excitation pulse energy. Since the
energy of the photolyzing photon is ~4,7 eV and C—N
bond cleavage requires ~2.6 eV [16], the excess ener-
gy for single UV photon induced photolysis should
yield excited fragments fluorescence only at wave-
lengths longer than #2590 nm. This is supported by
our observations, further substantiating that only a
single-quantum excitation is involved, The evidence,
thus, clearly points to identification of the photofrag-
ment as NO, : absorption of the 527 nm probe, broad
emission spectrum, long lifetime, and the relationship
of fluorescence onset wavelength to C—N bond energy.

A variable time delay was introduced between the
UV and probe pulses to determine whether there was
a measurable induction period between excitation of
the nitromethane molecules and the appearance of
NO,; fragments. The results shown in fig. 3 indicate
that the population of ground state NO, probed by
the 527 nm pulse appears and rises to a plateau within
the =5 ps pulse resolution of the experiment. For
delay times as long as 20 ns the height of the plateau
remains approximately constant. Formation time re-
mains unaffected by changes in nitromethane pressure.
Each point in fig. 3 represents the time-integrated
fluorescence intensity averaged over ten laser shots
and normalized to the UV and probe pulse energies.
The non-zero fluorescence signal for negative delay
times represents the effect of the UV pulse alone.

We have measured the quantum yield for formation
of NO, by comparing the signal intensity for LIF in
photolyzed nitromethane with that obtained in neat
NO, gas. Taking into account the relative quenching
rates observed in these two experiments, and using an
absorption cross section of 3 X 10720 ¢m? at 264 nm
[17], we calculate the yield of ground electronic state
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Fig. 3, Solid line: LIF signal as a function of probe time de-
lay for nitromethane at 0.8 Torr. Intensity is normalized to
UV and probe pulse energies, Each data point represents an
average of ten laser shots. Dashed line: System temporal
response function (see text) determined by photobleaching
experiment in rhodamine dye solution,

NO, to be 70 + 30%. In a representative experiment
(0.63 Torr nitromethane, 185 puJ UV energy), 2.2 X
10! ground state NO, photofragments are produced
in an observable volume element of 0.25 cm3. A small
fraction of these are excited by the LIF probe pulse:
for a probe energy of 940 uJ, and an NO, absorption
cross section extrapolated to 527 nm of 1.4 X 10—19
cm? [18], we obtain 6.2 X 108 NO, molecules (0.3%)
excited by the probe. Only 4.6 X 108 molecules
(0.2%) are produced initially as electronically excited
NO3 in the UV-only experiment.

The dependence of quantum yield on photolyzing
wavelength was examined using stimulated Raman
scattering in H, gas (520 bar) to produce wave-
length-shifted excitation pulses at 296 and 337 nm
(first and second Stokes) and at 238 nm (first anti-
Stokes). The Raman lines were isolated with a dis-
persing prism before entering the sample cell, Fig. 4
(upper half) shows the wavelength dependence of the
quantum yield obtained for excited state NO; (UV
only) and ground state NO, (UV + probe). The yield
for ground state NO, does not vary appreciably over
these photolyzing wavelengths. However, the yield
for NO3 increases sharply for 237 nm excitation and
becomes essentially zero at 296 nm. These results
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Fig. 4. Upper half: Relative yield of NO} (0) and NO, (X)
versus wavelength, The yields are not shown to the same
scale. Lower half: UV absorption spectrum of nitromethane
gas showing the = —n* singlet—singlet transition (a), the n~
o* singlet—singlet transition (b), and the n - =* singlet—
triplet transition (c). The arrows indicate the UV photolyzing
wavelengths obtained from stimulated Raman scattering in
Hj: first anti-Stokes (AS;), UV fundamental (F), and first
and second Stokes (S;) and (S,). g

were obtained with the same Corning 2-73 filter be-
fore the phototube and are uncgrrected for changes
in the onset wavelength of NO3 fluorescenc emission
for each 4155 cm™! Raman skift. Such correction
would make the actual increase in NO3 yield at 237
nm even more dramatic,

4. Discussion

In most early photolysis experiments on nitro-
methane the final products were determined by chem-
ical analysis, in which case a large number of secondary
products were found, including CH;0NO, CH, 0,
CH3NO, NO, and N, O [4,6,12]. This, and the depen-
dence of the relative quantum yield of methyl nitrite
[2] upon the exciting UV wavelength led to the sug-
gestion that there are other primary photolysis pro-
cesses besides (1), specifically [6]:

0
CH,;NO, 22> CH2=N:OH >CH,0+NOH  (2)

and
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Picosecond photofragmentation experiments with a repetitively pulsed
mode-locked Nd:Phosphate glass laser system

L. S. Goldberg, M. J. Marrone, P. E. Schoen
Naval Research Laboratory, Washington, D.C. 20375

Abstract

We describe direct observations on a picosecond time scale of NOp fragment formation from
264 nm photolysis of low-pressure nitromethane. Using laser induced fluorescence probing,
we find that the population of ground-state NOp products rises and saturates within <5 ps,
with a measured yield of near unity. The experiments were conducted with a newly developed
mode-locked Nd:phosphate glass oscillator/amplifier system which can generate energetic
short pulses of high beam quality at repetition rates of 1/5 Hz.

Introduction

Picosecond laser photolysis experiments have enabled study of the primary events in
photofragment formation from gaseous and condensed-phase molecular systems. The high time
definition for laser initiation and interrogation has afforded a deeper insight into the
possible dissociative pathways available to the molecule. We have recently been studying the
dynamics of emissive fragment populations produced by multiquantum UV excitation of simple
gaseous molecules, among them carbon monoxidel and acetylene2. 1In order to study
ground-state product formation, we have devised two-beam experiments utilising laser induced
fluorescence (LIF) as the probe technique. This method, in which a probe pulse excites
ground-state molecules to a fluorescing state, is particularly well adapted to detecting
gas—-phase species at low concentrations, substantially below that required for absorption
measurements. The present paper will describe experiments in which we use LIF probing to
establish, on a picosecond time scale, the formation of NOp radical fragments from UV
photolysis of low-pressure nitromethane (CH NOg).3 Although this molecule has been sub ject
to extensive stuﬂy over many years, little girect evidence as to its initial dissociation
products exists. -8

We will also describe the mode-locked Nd:phosphate glass laser system used for these
measurements, which employs athermal phosphate glass in both oscillator and amplifier
stages.9 The repetitive pulsing capability of this glass laser, and its shorter pulse
duration compared with Nd:YAG (5 ps vs. 30 ps), provide significant advantages for its
application in picosecond spectroscopy experiments.

Laser system

Figure 1 shows a schematic of the laser system. The laser rods in both oscillator and
amplifier stages were Owens-Illinois EV-U4 phosphate glass, which is thermally compensated to
minimize optical-path-length changes with temperature. FEastman A9740 saturable dye in 1,2
dichloroethane, flowing through a contact dye cell, was used to passively mode-lock and
Q-switch the flashlamp—Eumped oscillator. The oscillator was capable of a pulse repetition
rate in excess of 1 Hz.10

Use of an uncoated 100-um-thick solid etalon inside the oscillator cavity significantly
improved its passive mode-locking performance, while still enabling generation of short
pulses. Figure 2 shows the regular bell-shaped pulse tralns generated with the tilted
etalon in place, evidencing no distortion in the train envelope. The statistical success
rate for generating well-formed trains was ~80%. A TEMy, spatial mode structure was
obtained throughout the pulse train without requiring use of an intracavity aperture. This
was rarely achieved without an etalon unless a forcing aperture was used, and then only at
markedly higher pumping energy. By malntaining a relatively low value of pulse-train
energy, typically 5 mJ, transform-limited pulses could be extracted fairly high in the train
envelope (~1/3 of peak, 25 uJ energy) before significant spectral broadening and distortion
of the pulse due to self-phase modulation occurred.

Figure 3b shows the concurrent spectrum (Reticon recorded) and two-photon fluorescence
(TPF) autocorrelation time profile (vidicon recorded) of the pulse selected from the train
in Fig. 2, with the 100 um intracavity etalon. The TPF tracz has a contrast ratio close to
3:1. Assuming a Gaussian shape,_ the deconvolved pulse duration (FWHM) is 4.7 ps; the pulse
spectral width (FWHM) is 4.2 em~l. This corresponds to a time-bandwidth product avatr = 0.6,
very near to the transform limit of 0.44 for Gaussian pulses. In Figs. 3a and 3b, use of
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50 um and 150 um etalons results in pulses that are clearly longer (7.1, 8.5 ps), with
corresponding narrower spectra (3.6, 2.4 cm~l). Fig. 3d shows a well-formed pulse (3.3 ps,
6 ecm~™') obtained with no etalon in the cavity. This pulse necessarily was selected early in
the train, at ~1/10 peak envelope intensity.

SINGLE PULSE
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Fig. 1. Schematic of laser system.

Fig. 2. Mode-locked pulse train with
switched out single pulse,
100 vwm intracavity etalon.

Fig. 3. Spectrum (left) and TPF duration (right)
of single laser pulse. (a) 50 um etalon;
(b) 100 um; (c¢) 150 wm; (d) no etalon.

The single pulse extracted from the oscillator was amplified in two stages, first in a
double-pass arrangement (6.4 mm dia. rod) to an energy of ~3 mJ, and then in a single pass
(9.5 mm dia. rod) to an energy of ~25 mJ. For the respective amplifier rod diameters, pulse
energles much beyond these values resulted in excessive nonlinear pulse distortion. Each
amplifler rod was pumped over a length of 192 mm by a quad-configuration of linear Xenon
flashlamps in a close-coupled diffusing pumping chamber (J-K lasers). A gailn of ~300 was
readily achleved for the double-pass at a total flashlamp energy of 400 J. The good thermal
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dissipation in the small diameter rod allowed this amplifier to operate at ~1/2 Hz
repetition rate without significant thermal lensing. This proved a major convenience for
rapid set-up of experiments. The final amplifier provided a gain of ~15 at an input energy
of 575 J. With the repetition rate set conservatively at ~1/5 Hz, a moderate degree of
thermal lensing occurred which stabilized within several laser pulses. Burn patterns of the
output beam were smooth, showing no noticable diffraction structure, and were also fairly
circular, as a result of the symmetric four-lamp pumping geometry.

Prior to entering each amplifier stage, the laser beam was shaped by apodization to
remove the wings of the Gaussian intensity distribution and was spatially filtered. This
procedure produced a beam which could better fill the amplifier aperture and propagate
without developing edge-generated diffraction ring structure. The spatlal filtering removed
the high-spatial-frequency intensity fluctuations from the beam, which at high input
energies can lead to small-scale self-focusing and consequent optical component damage.

Such spatial beam structure also results in a severely modulated intensity profile after
successive stages of nonlinear harmonic generation.

The laser second harmonic was generated in a 2-cm-length Type I KDP crystal. Optimum
conversion efficlency in this angle-tuned crystal required a highly-collimated beam, since
the phase-matching acceptance angle was 0.8 mrad. We obtained a doubling efficency of
approximately 50%, giving a pulse energy of ~12 mJ at 527 nm. The fourth harmonic was
produced by a second doubling step in a temperature-tuned, 90°-oriented ADP crystal.

Because of increased dispersion in refractive indices in the UV, a_short 5-mm~length crystal
was used. The phase-matching frequency bandwidth then was 8.8 cm‘l, which adequately
encompassed the near-transform-limited spectrum of the 527 nm input pulse. However, the
group-velocity mismatch estimated between fundamental and harmonic frequencies was 8 ps,
which implies a temporal walk-off in the crYstal that should reduce the conversion
efficiency and stretch the harmonic pulse.l In our experiments, we obtained a pulse energy
of ~3 mJ at 264 nm, corresponding to a doubling efficiency of approximately 25%. The overall
conversion efficiency of pulse energy from 1054 nm to the fourth harmonic was ~12%.

Experimental arrangement

Figure 4 shows the optical arrangement for the two-beam experiment. The probe pulse, at
527 nm, after independent frequency doubling, was directed along an optical delay line and
subsequently recombined coaxially with the photolysing beam, at 264 nm. The pulses were
sent unfocussed into a 15-cm-dia. stainless steel cell. The cell had internal baffling and
interior walls coated with black Teflon to minimize stray fluorescence from cell windows
from reaching the photodetector. The side collected light was focussed through long-
wavelength-pass color filters onto a slit in front of an EMI 9658 Photomultiplier (extended
red S~-20). The signal was processed by a Tektronix 7912AD digitizing oscillescope, which
was coupled to a Tektronix 4052 computer for time integration of waveforms.
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Fig. 4. Schematic of experimental arrangement.
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The zero time delay between the UV and probe pulses was determined by a photobleaching
experiment in which the two pulses were focused into a thin cell filled with rhodamine 6G
dye solution. The UV pulse depopulated the dye ground state sufficiently that a weak probe
pulse arriving after the. UV pulse would experience reduced absorption and be transmitted.

The nitromethane samples were prepared by distilling Baker reagent grade material under
nitrogen, collecting the middle fraction, b.p. 101-102 C. Individual samples were degassed
by freeze/thaw pumping cycles, and loaded into the cell at pressures from 0.1 to ~3 Torr.

Nitromethane photolysis and LIF probing

Figure 5 shows representative traces of fluorescence intensity (A>560 nm) versus time,
averaged over 8 laser shots, for 2.2 Torr nitromethane. The lower trace shows the
fluorescence signal for the UV photolyzing pulse alone. The upper trace was generated by a
UV pulse plus a 527 nm probe pulse delayed by 200 ps. A probe pulse alone produced
virtually no signal either initially or after hundreds of UV shots into the cell. While the
UV pulse itself obviously produces a fluorescing fragment, input of the 527 nm pulse
increased the fluorescence intensity roughly 3-fold.

The observed fluorescence showed a single exponential decay time which was strongly
dependent on gas pressure. The decay time was roughly the same for the UV-only case as for
UV + probe. The collision-free (~1 mTorr) lifetime reported for NO» fluorescence is
approximately 100 wus. 2 At our lowest nitromethane pressure of 0.1 Torr we observed a decay
time of ~1.6 us. The emission was more rapidly quenched at still higher pressure; at
2.8 Torr the decay time was ~70 ns. A Stern-Volmer plot of decay rate versus pressure is
linear over the limited pressure range of our experiment and, when extrapolated to zero
pressure, indicates a long natural lifetime for the emitting species. Although the
fluorescence signal intensity was too weak to yield a spectrum, use of a sequence of
long-wavelength-pass filters indicated that in the region from the probe wavelength to
~750 nm the probe-induced emission was broad and without any apparent strong spectral line
features. Similar emission characteristics were observed for the fluorescence induced by
the UV pulse alone. Emission on the antistokes side of the probe wavelength was too weak to
be detected. Thus the broad spectral character and long lifetime of the emitting species
are clearly consistent with NO>.

Figure 6 shows a log-log plot of the time-integrated fluorescence intensity as a function
of UV pulse energy, for individual laser shots. The lower curve shows the UV + probe
induced fluorescence, at 1 ns delay, normalized by probe pulse energy. The upper curve
shows UV-only induced fluorescence. Both curves exhibit a unity slope entending over almost
2 decades in UV energy, indicating an effect linear in excitation pulse energy. The energy
of a single UV photon is 4.7 eV, and C-N bond scission requires approximately 2.6 eV. An NO»>
fragment produced initially in an excited state by absorption of a single UV photon would
have sufficient excess energy to fluoresce at wavelengths only beyond ~590 nm, which 1is
consistent with our observations.

INTENSITY

TIME/ nsec

Fig. 5. Waveforms of fluorescence (>560 nm) from photolyzed nitromethane at 2.2 Torr.
Lower trace: 264 nm excitation alone; upper trace: UV + 527 nm probe delayed
by 200 ps.
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A variable time delay was introduced between the UV and probe pulses to determine whether
there was a measurable induction period between excitation of the nitromethane molecules and
the appearance of NO» fragments. The results shown in Fig. 7, for 0.8 Torr nitromethane,
indicate that the population of ground- state NOp fragments probed by the 527 nm pulse
appears and rises to a plateau within the ~5 ps pulse resolution of the experiment. For
delay times as long as 20 ns the induced fluorescence slgnal remained approximately
constant. The observed formation time was unaffected by changes in nitromethane pressure.
Each point in Fig. 7 represents the time-integrated fluorescence intensity averaged over ten
laser shots and normalized to the UV and probe pulse energies. The non-zero fluorescence
slgnal for negative delay times represents the effect of the UV pulse alone. The dashed
line represents the system temporal response function determined by the rhodamine dye
photobleaching measurements.

We have measured the quantum yileld for formation of NOp in our experiment to be near
unity. This is the equivalent of 100 uTorr of NO2 produced in the photolysis beam. A
prepared sample of 100 ppm of NOp in Np gas was flowed through the cell at 1 Torr pressure.
The NOp LIF signal obtained from thls trace gas sample was measured and compared directly
with the LIF signal from NO» produced by nitromethane photolysis. The data were normalized
to probe pulse energies and account was taken of the different fluorescence quenchilng rates.
The UV energy depogitedzig6the nitromethane sample was determined using the absorption cross
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Discussion

The observation that ground-state NOp fragments are formed promptly from 264 nm
photolysis of 1ow—presspre nitromethane supports assignment of the reaction as:

hv
CH3NOp + CH3 + NOp 3 (1)

The time scale of <5 ps for theilr production is clearly short compared to any possible
mediating collisions. The single-quantum nature of the excitation process has been verified
experimentally. The quantum yield measured at this photolyzing wavelength is near unity,
implying that this 1s the principle decay channel.

Spears and Brugge6, in microsecond photolysis experiments at 253 nm, observed
vibrationally-excited NOp products by means of LIF probing. They interpreted their results
as an indirect predissociation of the nitromethane molecule, requiring vibrational
redistribution of ghe exclitatlion energy before C-N bond cleavage. However, recently, Kwok,
He, Sparks and Lee® photolyzed nitromethane at 266 nm in a molecular beam under
collision-free condlitions and, using mass spectroscopy detection techniques, observed no
dissociation products from the isolated nitromethane molecule. They concluded that CH3NOp
excited at 266 nm does not dissociate directly, but likely requires a collisionally-assisted
process. Thelr estimated detection sensitivity placed an upper bound on yield at ~3%.

Rebbert and Slagg13 have suggested that moEe than one excited state of nitromethane is
involved in its decomposition. Honda et al.l% and Flicker et al.l5 have supported this
view. Two states are observed in 1ts optical absorption spectrum:15-17 a strong feature at
~198 nm assigned to a 7 » =¥ transition, and a weak satellite at ~270 nm suggested to be an
n+nt singlet-singlet transition. A third, still-lower energy state has been found by
electron energy-loss spectroscopy at ~326 nm,l5 which the authors suggest has n + =
singlet-triplet character, but which may be a composite of overlapping transitions of
different character. Theoretical calculations indicate that other transitions may exist in
thls energy region, but they have not been identified experimentally. Most investigators
previously have supported reaction (1) as the primary photolysis channel for nitromethane.
Flicker et al. and Honda et al. suggest, however, that it 1s the lower energy transition to
the triplet state at ~326 nm that addresses reaction (1) particularly, while the
singlet-singlet excitation at ~270 nm induces a molecular elimination reaction yielding CH0
and HNO.

Our picosecond photolysis experiments have enabled study of nitromethane photo-
dissociation under colllsion~free conditions and support the conclusion that excitation of
the n » =¥ singlet-singlet transition near 270 nm results in dissociation of CH3NOp
dominantly via reaction (1).
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Abstract
A novel trace gas detection scheme based upon the photo-

thermal effect folloﬁing light absorption is described. The reSulting
index change, which is proportional to the trace species absorption and
concentration, is measured interferometrically in a stabilized Fabry-Perot
cavity. An experimental noise limit corresponding to an absorption
coefficient of 4 x 10-8 cnrl//ﬁg_ﬁas observéd. Je discuss possible
improvements and estimate the ultimate sensitivities achievable with this

technique.
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Local interrogation of the index of refraction modulation produced in a
medium by photo-induced heating constitutes the basis of several photothermal
scﬁames for measuring small absorptions. Examples include phase fluctuation
optical heterodyne (PFLOH) detsction!, thermal lensing?, and laser beam
deflection techniques3. The first of these has been proven useful in sensi-
tive trace-gas detection schemes“,S, the study of aerosol absorption6 and of
- microwave absorption in liquids7, and has been shown to be competitive ﬁith
photoacoustic (PA) detection8. PFLOH desection monitors the refractive index
change by placing the heated sample in a Mach-Zehnder interferometer employing
a stable single frequency helium neon laser.

We report a new technique in which the refractive index change is also
monitored interferometrically but in a Fabry-Perot cavity incorporating the
sample medium, thereby enhancing the detection sensitivity over that obtained
in PFLOH detection by a factor which depends on the finesse of the cavity.
The finesse expresses the ratio of peak spacing to peak full-width at half-
maximum for the transmitted probe power as a function of optical phase delay
per pass. We have demonstrafed the feasibility of this scheme in a prelimi-
nary experiment in which a calibrated mixture of NOp in nitrogen flowed
through a Fabry-Perot cavity and its absorption at 514.5 nm was detected.

~An exparimental noise limit corresponding to an absorption coefficient
of 4 x 108 eml//fiz was observed. In this letter we discuss possible
improvements and estimate the ultimate sensitivities achievable with this
technique. It appears that measurensnt of absorption coefficients less than
10710 em=1 1is possible.
As in kindred photothermal detection techniques, erniergy is deposited

and excites the medium by resonant absorption of elect:onagnetic radiation.
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Collisional relaxation of the excited mode results in local heating of the
backgrouhd mediun and, consequently, to induced local variation in the density
of the medium. Detection by transduction of the pressure changze is the basis
of PA which necessarily involves the integration of signal over the volume
f'rom which acoustic or barometric waves impinge on the transducer. The
density variation 1s also manifested in the concomitant change of index of

refraction given, in a gas, by the Clausius-Mossotti relation:

dn = - (n-1)dT/Typs, - (1)
where n is the refractive index, Tabs is the absolute temperature, and dr is
the increment of induced local temperature elevation. Over a pathlength L,

this change is tantamount to a variation in optical path or phase delay of:

d¢ = ("/}) dn (2)
where X is the wavelength of the probe beam whose heating effecct, can be
neglected.

Our technique is based upon the rultipass interferometric_measurement
of optical path variations in a Fabry-Perot etalon containing the excited
medium. Since only the path traversed by the probe beam is interrogated, this
techniqué affords spatial resolution and the application to tomographic flame
analysis is suggested.

Thé fractional transmission of an idéally monochromatic probe beam
through the etalon is a periodic function of the optical phase delay per

traversal, ¢:

T = Tipax £(9) (3)
£($)
8

I

(1+8 sind ¢)~1

(B/m)2
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where F is the cavity finesse. Maximim sensitivity of transmission to

variations in phase-delay occur at a phase delay of ¢, for which:

cos 26y = 1/2 \JOH/S + 4/82 _1/8 —1/2 (4)
%1 - 2/(39%)
§>>1

The trace detection technique entails maintaining the static phase delay.at %o
by means of servo-control of the etalon spacing and inducing a periodic phase
perturbation, ¢, cos yyt. In the case of 8§ >> 1,

~1
£(t) =~ {1+ 1/3 cos 2¢p cos w.t + /3 sin 2¢p cos wt (5)

¥rom the small argument limit of the Bessel function expansion, one obtains
the Fourier component.of the transmitted intensity at the fundamental
excitation frequenqy: |
35 3
T = Tpax % *m = Tmax — F o (6)

It is thus evident that the induced signal, in the linear limit, is directly
proportional to the finesse. The attraction of this technique is the smaller
sample path required for comparable sensititity to that afforded by the Mach—
Zehnder PFLOH configuration.

This advantage is translated into increased detection sensitivity only
to the extent that the source of limiting noise is not similarly enhanced.
Of the contributions to system noise, phase noise of the probe source laser
(deviation from monochromicity), mechanical noise inducing either a cavity
<AL> or beam misalignment, and window effects due to periodic heating of the

etalon plates scale with finesse, as does the signal. Amplitude noise on
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the source beam can, in principle, be compensated, and detector shot noise
depends solely on net power incident on the detector and scales with Thag;/g.

The experiment was implemented as depicted schematically in Fig. 1.

A single-frequency He-Ne laser (Tropel 200) was used as the interfecrometer
source. The Fabry-Perot cavity was a Burleigh RC-110 with an etalon spacing
of 12 cm. The mirrors, one flat and one concave (R = 6m), were dielectric-
coated for high reflectivity at 633 nm, and a finesse of 50 could bhe achileved.
Optical isolation of the reflected beam and phase-matching of the beam into
the etalon were accorplished by the polarizer/retarder combination and lens L,
respectively. Aperture A was inserted in the cavity to inhibit higher order
transverse cavity modes.

Absorption was detected in a flowing calibrated mixture of 99 ppm NO»

~in nitrogen. The excitation source was the contimuous wave beam of an argon
ion laser chopped with a mechanical chopping wheel. This 514.5 nm beam was
coupled into the Fabry-Perot cavity at a slight angle from the normal so as
to minimize dependen;e of the intracavity excitation density on etalon spacing.
Filter F blocked the green beam from detection by the photomltiplier, PM, and
no signal was present in the absence of the He-Ne probe beam.

The sample flowed, at a rate of 0.2 1/min, through a windowless cell
consisting of a 10-cm long by 3-mm diameter bore glass tube with a central gas
inlet mounted centrally in the Fabry-Perot cavity. Both beams were approxi-
imately TEMyo and nearly coaxial with the cell, and focused to beam waists
(radius at half field strength) at Mj of 0.38 mm and 0.2 mm for the excitation
and probe beams respectively. In.order to mintain the etalon at a spacing
corresponding to the optical phase delay of maximum sensitivity in the face éf

slow thermal drift due to cummulative heating, the difference between the
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photomultiplier load voltage and a fixed reference voltage was amplified,
integrated, and fed back to a piezoelectric element to translate one of the
etalon plates. Noise spectra were measured using a Tektronix TL5 Spectrum
Analyzer.

The heating of a cylindrical gas sample by a Gaussian beam has been
studied by Davis and Petuchowski5. In the current experiment, the condition
of b >> wg, where b is the container radius and Wy is the' beam parameter of
the excitation beam, was not rigorously satisfied. Thus the heating along
the axls in the reglon interrogated by the probe is probably somewhat less
efficient at low frequencies than would otherwise be the case. However, at a
chopping frequency of 400Hz, the modulation period is short compared to the
thermal diffusion time across the sarple in air at 1 atm, and:

T (r <Kwe, t) ® Iy ¢/(20p40,) sin ot =<7)
vhere I, 1s the peak excitation power density, « is the absorption coefficient
of the sample, and Cj is the specific heat at constant pressure.

Inserting Eq. 7 into earlier expressions for index and optical phase
and evaluating, for étmospher’ic pressure nitrogen, n—-1=2.92 x 10"4,

Cp = 1.17 x 1073 cal/em, Tupg = 300%K, wy = 27 x 400 sec~l, L = 10 cm,
A = 633 nm, one calculates Ady/(Iy @) = .17 rad —em3/W.

For 99 ppm NO> (@ = 6 x 10"”’cm"1)9 in 1 atm No, the phase modulation
armplitude due to excitation at 400 Hz with 30 my average power (I, = 26 Vi/cm)
is calculated to be 2.7 mrad. The observed signal is shown against the
background noise spectrum in Fig.\‘ 3. 'The ordinate is normalized to the DC
voltage corresponding to maximum transmission indicating a sigﬁal of -0 dB or
1.0% modulation. At a finesse of 50, Eq. 6 implies an expected signal of
7.3% or -22.7 dB.
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The lower sensitivity actually observed is attributed to operation at
other than the optimal phase point and possible finesse degradation during the
course of the experiment. -

The noise floor at 400 Hz shomn in Fig. 3 corresponds to a minimum
detectable absorption (1 Hz detection ranizidth) of 1.3 x 107 enl —y
(or 7 ppb NO> with 3 watts excltation). Actual sensitivity was limited by a
residual signal of -55.7 dB present even when the cell waé continuous}y
flushed with pure Np. This limitation is attributed to synchronous heating of
the optics‘and the adjacent air layers by the excitation beam, and could be

overcome by coupling the excitation beams into the cavity transversely to the

probe.

In order to estimate ultimate sensitivity limitations of the
technique, we note that the noise floor (Af = 1Hz) of -83 dBV observed at 400
Hz is due to mechanical noise, <AL>/L, to which the cavity is as sensitive as
to signal. Careful design of a stable etalon, deliberate choice of operating
frequency at an acoustic null, and electronic subtraction of source amplitude
noise should allow oberation limited by shot noise, for our source, at -132
dBV. Density fluctuations-in the sample will not limit sensitivity for
samples at atmospheric pressure even of dimensions on the order of the He-Ne

beam walst.

Shot nolse limited detection with a cavity finesse of 50 corresponds to
a phase sensitivity of 9 x 10-9 rad/VHz. Considering the extreme stability
required, this might be achievable only in sealed environmeunts or condenséd
phase samples. A more reasonable phase sensitivity of 10-7 rad/fﬁg in our
system with L = 1 cm corresponds to an absorption sensitivity of 1.9 x 10-10
eml .

We have demonstrated a simple interferometric technique for performing
photothermal spectroscopy of trgnsparent medla with extreme sensitivity and

spatial resolution.
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UV short-pulse fragmentation of isotopically labeled
acetylene: Studies of emission with subnanosecond

resolution

B. B. Craig, W. L. Faust, and L. S. Goldberg
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R. G. Weiss

Department of Chemistry, Georgetown University, Washington, D.C. 20057

(Received 14 December 1981; accepted 8 February 1982)

We have studied fragment emission in the spectral range 200 to 900 nm, following photolysis of acetylene
(1-10 Torr) by short ultraviolet pulses (25 ps, 266 nm, 2.5-12 mJ). The dominant component of emission is the
C, d°lI,—a °’IT, Swan system. Weak singlet C, emission is observed. CH is also observed, in the
A8 —X *T and C %X *—X *IT systems. With isotopic labeling and with streak camera recording, we have
demonstrated distinct unimolecular and intermolecular processes yielding C, d *II,. The unimolecular
channel proceeds with risetime 7, =215+ 15 ps, while the pressure-dependent intermolecular component
develops over a period of nanoseconds. We discuss the underlying kinetics and the mechanistic implications of

the 25 ps excitation.

. INTRODUCTION

The primary dissociative channels in vacuum-UV
photolysis of acetylene havebeeninferred by analysis
of the final products. C,H and an unspecified meta-
stable state, denoted as C,H¥*, have been advocated as
important intermediates.'™ In the present investiga-
tion, we have studied the temporal development of emis-
sive fragments produced by short-pulse UV excitation
of low pressure (1-10 Torr) acetylene. The high flux
of the UV laser source allows nonresonant two-photon
absorption by the parent, producing excited states sim-
ilar to those addressed in VUV excitation. Employing
isotopically labeled parents and benefiting from subnano-
second detection risetimes, we have demonstrated both
unimolecular and collisional formation of C, d°1,,
Parallel processes for CH A A and C 2" are also con-
sidered. Dissociative routes for excited C,H,, consis-
tent with C,H and C,H} * as intermediates, are dis-
cussed.

H. EXPERIMENTAL

Much of the apparatus has been described previous-
ly.®® UV pulses (266 nm, 25 ps) of up to 12 mJ energy
were obtained by twice-doubling the amplified single-
pulse output from an active/passive mode-locked
Nd:YAG laser system, The photolyzing pulse was
focused into a static gas sample cell by a quartz lens.
A study of the focal region with a Reticon diode array
yielded a representative beam diameter of 0. 15 mm.
Emission was collected through a side window and dis-
persed in a 1 m Czerny-Turner spectrometer. A
Varian VPM-154M crossed-field photomultiplier (sap-
phire window, GaAs photocathode) provided a spectral
range 200-900 nm, and a risetime 0.15 ns. Wave-
forms were acquired and averaged, typically for 64
laser pulses, with a Tektronix 7912AD digitizing
oscilloscope. The net risetime of the detection system
was 0.6 ns. Data were processed with a Tektronix
4052 computer system. An OMA II ISIT vidicon also was
available for acquisition of time-averaged spectra.

5014 J. Chem. Phys. 76(10), 15 May 1982
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For measurements of emission lifetimes under higher
time resolution, we employed an Electrophotonics
model 512 streak camera equipped with an S-20 Photo-
chron II streak tube. The Krytron trigger circuitry
was modified to reduce sweep jitter. Traces were re-
corded by a Nuclear Data vidicon system interfaced
to a Nicolet minicomputer. To obtain adequate signal
levels, color glass filters were used to isolate cer-
tain molecular bands. For temporal reference, sec-
ond-harmonic pulse pairs were provided via a second
path to a distinct portion of the streak camera entrance
slit. With the sample cell at atmospheric pressure,
the first 532 nm pulse was brought into synchronism
with the near-instantaneous rise of breakdown emis-
sion produced by the 266 nm pulse. The second 532 nm
pulse was delivered with a delay set to 500 ps. The
streak data were computer-averaged to improve the
signal-to-noise of the weak emission. Because of
trigger jitter, each streak trace and its corresponding
reference were stored individually. The traces were
normalized to the response function of the streak camera
and vidicon recording system. They were then shifted
to a common timing mark and averaged.

Acetylene 12CzH2 was Matheson high-purity grade, fur-
ther purified by repeated vacuum distillation from liquid
nitrogen/n-propanol slush (~ 148 K) to liquid nitrogen.
'3C,H, was used as supplied by Merck, Inc. The iso-
topic content of the heavy acetylene was ascertained to
be 83.17% *C,H, and 16. 9% H ¥*C ¥CH; this is based
upon an analysis by the supplier of isotopic acetalde-
hyde prepared from acetylene of the same batch.

IIl. RESULTS

Acetylene at pressures 1-10 Torr was irradiated
under the conditions described above. The triplet C,
Swan system (430-670 nm) was by far the strongest
component of emission. Very weak singlet C, emission
was observed in the Mulliken system D'Z}-X 'z}
(230-240 nm) and in the Deslandres—D’Azambuja sys-
tem C'Ml, - A'l, (340-410 nm).” The CH systems

© 1982 American Institute of Physics
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FIG. 1. Comparison of temporal profiles for C; Swan emis-
sion at bandheads and amid rotation, averages of 64 pulses.
The curves have been scaled to equal peak heights, 5 Torr of
‘ZCZHZ; the same total pressure pertains for each figure, UV
pulse energy ~12 mJ. The early and late time intervals
identified pertain to integrals employed in subsequent construc-
tion of Figs. 3, 4, and 6. (a) (1, 0) bandhead at 473.9 nm. (b)
Rotation associated with the (1, 0) head, at 472.7 nm. (c)

(2, 1) head at 471.7 nm.

A%A—~X?11(430-490 nm)and C2Z*~ X211(314, 5 nm) were
also quite evident, There was no emission from molec-
ular species other than these two diatomics, Molecu-
lar continua have been observed in other studies of
acetylene photolysis, %% and continua have been found
in our own work with other parents, ¢ Nevertheless,
continuum emission was absent or minimal in the pres-
ent work with acetylene. Monatomic emission was
limited to a few lines; e.g., C (247.6 nm), H (656.3
nm), and C* (283.7 nm). The integrated intensity for
each case was much less than for the diatomics.

A. Detailed studies of C, Swan band emission

Figure 1 displays typical oscilloscope waveforms of
the Av=+1 Swan emission obtained from 5 Torr of
2C,H,, illustrating similar shapes at two vibrational
heads and amid rotation. The risetimes are instru-
mentally limited. These curves were obtained at rela-
tively high excitation energy (~ 12 mJ). For decay be-
yond 80% of the maximum, they accept exponential fits
with a time constant 7, =45 ns. A plot of 1/7, versus
acetylene pressure accommodates a straight line through
the zero pressure intercept (r, =119 ns®). The time
histories in Fig. 1 therefore represent the residence
time of individual C, d *Il, molecules rather than the
destruction of some longer-lived precursor (cf. in con-
trast Ref. 10). The slope yields an estimate of the
quenching constant of C, d°I1, by C,H,, ky=0.92+0.1
x10710 em?®s7t,

5015

Streak camera recording allowed a study of the rise
of Swan emission with greatly extended time resolution.
Since there was essentially no interfering emission,
Schott GG 455 and Corning 5-56 filters (in tandem)
served to isolate the Az =+1 and A»=0 Swan bands near
474 and 516 nm. Figure 2 presents the resolved rise
of C¥ emission, from 5 Torr of acetylene. The figure
includes also the reference pulses and a fit of the rise
of Swan emission by a model curve of the form
1 ~exp(- t/7y), with 7{=215 ps. Clearly, collisionless
C; d3H, formation, e.g., unimolecular dissociation, is
implied.

To confirm this, we undertook a study of Swan emis-
sion from isotopically labeled C,H, parents. On the
basis of spectra from the literature,!! the Ap=4+1
series was selected for our detailed studies, the
signal-to-noise and magnitudes of isotopic splitting
being most favorable. Waveforms were acquired
representing emission at increments of 0.2 nm over
the range 471.1-476.1 nm, encompassing the (1,0) and
(2,1) bandheads for each of the three isotopic forms,
The 'C,(3, 2) bandhead is also present, but it is not
effectively resolved from the 2C,(2,1) head. A total
pressure of 5 Torr was employed uniformly for the
single-isotope materials and for a 1:1 *C,H, : '*C,H,
mixture.

For the mixed-parent gas fills it was immediately
apparent that the temporal emission profiles at the
band heads of *C!*C were not identical in shape to those
of the corresponding 1ZCZ and 1*C, heads. Qualitatively,
the *C¥C heads exhibited an excess of emission during
an intermediate interval of time, ~5-25 ns after the
laser pulse; the asymptotic decays, however, are
alike. For a systematic display of this, spectra were
constructed as follows: at each wavelength an integral
of the emission waveform was taken over an “early” or
a “late” interval of time (see Fig. 1; as measured from
the laser pulse, early ca. —2to +3 nsand late ~13-42ns),
Such spectra were obtained for laser amplifier settings
yielding two values of average UV pulse energy, ~2.5
and 12 mJ. In Fig. 3, two of the curves display low-
energy early-integral spectra for the distinct parent
gases. The third is a similar spectrum for the mixed
parents. At this low level of excitation, the early sig-
nal associated with the crossed isotope '2C 13C is rela-
tively small; i.e., the prompt product C, largely
corresponds to the isotopic parents.

Figure 4 displays, for the equal mixture of parents,
the four cases of energy and time interval. The pro-
gression of curves from low-energy/early to high-en-
ergy/late confirms the prompt (unimolecular) process
asserted above and illustrates also a delayed (collision-
al) process in which the isotopes are scrambled.

In Fig. 5 /this point is developed in greater detail, by
further manipulation of waveforms (data obtained at 5
Torr, with~12 inJ energy). The primary waveform at
the wavelength of the C'*C bandhead, 474.5 nm (curve
a of Fig. 5), is nof a-direct history of the scrambling
process; rotation attached to the *C, bandhead at 475.3
nm underlies the '*C**C bandhead, and the heavy acety-
lene is not altogether pure. However, we have de-
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{-— 500 Ps

veloped a procedure effectively to strip out the latter
components of signal, employing waveforms at 474, 5
and 475.3 nm from the heavy-isotope material to es-
tablish the relative signal at 474.5 nm due to these
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FIG. 3. Spectra of early emission (first 5 ns; see Fig. 1) in
the C, Av=+1 Swan series; UV pulse energy ~2.5 mJ,
Curves for isotopically distinct parent acetylenes, and for a

1: 1 mixture of "C,H, and *C,H,. In Figs. 3, 4, and 6 the no-
tations HH, HL, and LL attached to bandheads refer to light or
}o Y;eavy carbon masses, respectively as 13C“‘C 13C”C and
@lich
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FIG. 2. Streak camera record

of the rise of Swan emission in

the v =+1 and Av =0 baunds; the
average of 10 pulses. Also shown
are a model curve with time con-
stant 215 ps, and second-harmonic
reference pulses at a pair separa-
tion of 500 ps.
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components. Curve c¢ in the figure should then repre-
sent the collisional production of 2C'3C due to the joint
presence of both parent acetylene isotopes. Wave -
forms such as ¢ were consistently reproducible. Such
data also were gathered and analyzed for 8 and 2.5
Torr of acetylene. The growing-in time was found to
decrease with increasing pressure but was uniformly
insensitive to the pulse energy; it is clearly indicated
taat this risetime is controlled by collisions of a pre-
cursor with the parent.
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FIG. 4. Spectra of Swan emission (Ayp = +1) within early and

within late intervals of time (see Fig. 1); curves for UV pulse
energies ~2.5 mJ and ~12 mJ, 1:1 12C,H,: BC,H, mixture.
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FIG. 5. Construction of the time history of Swan '3C!2C arig-
ing in the collisional process; UV pulse energy ~12mdJd. 1:1
'3C,H, : 1¥C,H, mixture. (a) Primary record of emission at the
B¢l2C (1, 0) head, 474.5 nm. (b) Reference waveform ob-
tained by appropriate scaling of the emission record at the
3¢, (1, 0) head, 475.3 nm. (c) Subtraction of curve b from
curve a, representing collisonally formed !3C'2C,

We have noted that the collisional process is ac-
centuated for higher UV pulse energies (Fig. 4); it is
possible to pursue this more quantitatively. For iso-
topically pure parent gases at equal partial pressures,
complete scrambling should yield %C,, 12C'3C, and '3C,
in abundance ratios 1:2:1. At 12 mJ, where the col-
lisional C, formation is most prominent, all-time inte-
grals were constructed of the excess C*C signal (Fig.
5, curve c) and of the '*C, signal. The ratio (potentially
2:1) was found to be 1.1:1, corresponding to 70% of
total C, produced in the collisional process at this rela-
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FIG. 6. Comparison of vibrational/rotational distributions for
early and late C, dﬁﬂ, populations, Av =11 series; UV pulse
energy ~ 12 md.
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FIG, 7. Comparison of temporal profiles for C, Swan emis-
sion amid states of high rotation and at a bandhead. The
curves have been scaled to a common late-term signal level,
(a) 473.9 nm, the (1, 0) bandhead. (b) 462.8 nm, hot rotation.

tively high pulse-energy level.

The participation of two processes generating C, 43I,
prompt (urimolecular) and delayed (intermolecular), is
regarded ac established. It has long been recognized
that under many conditions Swan emission exhibits high
levels of rotational excitation. ®%1%12 Thysg it is in-
teresting to consider the possibility of distinct degrees
of rotational or of vibrational excitation for the prompt
and delayed processes generating C¥. This question is
addressed in Fig. 6, where the data benefit from en-
hancement of the signal-to-noise ratio inherent in in-
tegral spectra. There is no indication of distinct levels
of vibrational excitation; but the data points below
473.9 nm, associated with rotational excitation, are uni-
formly higher for the la‘e-term integrals. Quantita-
tively, the signal-amid-ratation relative to that at the
band head is 20% greater {or the late time interval.

This modest enhancement of rotational excitation for

the intermolecular process proved to be quite re-
producible. The vidicon is incapable of gating at a speed
appropriate for investigation of ihis issue by temporal
separation. However, a spectrun: at 25 Torr shows
more rotation than one at 5 Torr; this is consistent

with relative enhancement of the collisional process at
the higher pressure, and with a higher level of associated
rotation for the late collisional process. In a related
study of ethylene with 10,6 u pulses of 250 ns dura-

tion, 13y pressure dependence was observed Ior vibra-
tional as well as for rotational excitation of C¥ frag-
ments.

Emission associated with high levels of rotation can
be observed well to the blue of each bandhead series®®
(e.g., Av=+1). In Fig. 7, we compare waveforms
obtained at 473. 9 nm, the (1, 0) bandhead, and at
462.8 nm, amid rotation associated with the entire Ay
=+1 series. The apparent protracted formation of ro-
tationally hot C# reflects a larger fractional contribu-
tion of the collisional process, corroborating the in-
ference from Fig. 6 (cf. also Fig. 5, curve c).
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B. C, singlet emission

C, possesses a complex structure of electronic
states, including singlets and quintets as well as
triplets.!* Several systems of emission are known,’
among triplet states and among singlets. The systems
c'm,~A', (0,0 at 385.2 nm) and D'S;~ X 12 (0,0 at
231.3 nm) were observed, but the integrated intensity
for each was <107 of that in the Swan system. The
CIH, signal appears within a time less than the instru-
mental limit of 0.6 ns. There is a delay for the maxi-
mum of DlZ; signal, which suggests a collisional for-
mation mechanism. Each signal decays to 30% of maxi-
mum within 25 ns.

It is particularly interesting that McDonald et al. ,9
photolyzing C,H, (30 mTorr) with an ArF laser at 193
nm, reported the Phillips system(A'll,~ X'Z}, with 3,0
at 771.5 nm and 2, 0 at 875.1 nm) to be ~10? stronger
than the Swan system. We did not detect the Phillips
system; a careful test led only to an upper bound on the
intensity of such emission. A thorough treatment in-
volves several considerations: the AT, emission rate
(small), the spectral sensitivity of detection (relatively-
flat), and the detectivity-threshold (pertaining in our
work to instantaneous rather than to time-averaged sig-
nal). The finding is that the initial A4 'TI, population is
no more than 5x107% of the 4 °Il, population; i.e., the
relative Phillips population is <5X10™ of the found in
the ArF work,

C. CH emission

In less extensive studies, the rise of emission in the
CH A band (0,0 at 431. 3 nm) was found to contain two
components. At 1 Torr there is a prompt rise to 60%
of the peak signal; a further increase occurs within ap-
proximately 10 ns. The secondary formation process
shows a definite pressure dependence. Unimolecular
and intermolecular processes are implied in CH A %a
formation, although we do not have supportive informa-
tion from labeled isotopes. The curves accept exponen-
tial decay with characteristic times of 20 ns at 5 Torr
and 70 ns at 1 Torr, corresponding to 25=2.8+0.5
x 1071 em?®s7,

The integrated intensity of the CH C band (0,0 at
314.4 nm) is similar to that of the A band. However,
only a prompt component of formation is observed.

At 5 Torr the emission decays to 30% of the peak within
~15 ns. In contrast with the observation of Jackson

et al.,' no emission was observed in the B band (0,0
at 388.9 nm); the integrated intensity was not greater
than 5% of that for the A band.

IV. DISCUSSION
A. Unimolecular dissociation processes

The primary observations here directly establish the
existence of a unimolecular dissociation process of
acetylene yielding C, d 3H‘,. Such channels also are im-
plied for C, C'Il, and for CHA ?A and C?%", The char-
acter and identity of the intermediates remain unresolved
and present some challenging questions: e.g., does the
process leading to the emissive species (cf. the 215 ps

Craig, Faust, Goldberg, and Weiss: UV short-pulse fragmentation of acetylene

Swan risetime) represent dissociation from a suf-
ficicntly energetic state of the parent manifold, or is
there additional excitation (necessarily within the pulse
duration) of an intermediate fragment? Also, we must
consider the quantum order of the dissociative routes
and the role of resonant and nonresonant excitations.

Excitation at 266 nm (4. 66 eV, 107 kcal mol™) is less
energetic than the recognized onset of single-quantum
absorption in acetylene at 237.7 nm.® There is evi-
dence of a triplet state as low as 2.6 to 4.7 eV, so
that single-quantum excitation cannot be excluded ab-
solutely; but such a transition is both Franck—-Condon
and spin-forbidden. The VUV absorption spectrum of
acetylene!® ! displays the following features in near-
coincidence with our 2hy =214 kcal mol™: a Rydberg
state 3R’ (212. 8 kcalmol™), and two valence states
C (213.6 kcalmol™) and B (213.2 kcal mol™?),

We now consider the competing channels for a
Franck—-Condon C,H# state at 214 kcal mol™!. Em-
ploying high resolution in a search for rotational struc-
ture near this energy, Wilkinson found none.!® This de-
mands prompt (< 1.6 ps) coupling to other states,
whether bound (internal conversion to a vibrationally
excited ground state or to some other isoenergetic
state) or dissociative. The pertinent thermodynamic
thresholds for decomposition are®: C,H+H, 124
kcalmol™ and C,+H,, 144 kcalmol™., Potential curve
calculations® and spectroscopic studies!® have failed
to identify a cis state of C,H,, which might have lent
support in affording an acceptable transition state for
H, elimination. Final product analyses in conventional
photolysis experiments!'*?! yield no clear indication of
animolecular H, elimination (quantum yield <0, 11),
Rather, H atom elimination proceeds with a quantum
efficiency 0.3, in competition with significant conver-
sion to a postulated metastable of the parent, C,Hj*.!
The first step in either channel must occur within 1.6
ps, to be competitive, The H atom elimination is not
concerted; this is evidenced by the limited quantum
yield! and by the vibrational structure observed by
Wilkinson.'® Nevertheless, internal conversion is prob-
ably fast,?*'?® and H elimination from the energetic
ground state should be fast.?*'?® Thus it seems very
probable that C,H formation occurs within ~2 ps,
whether from an electronic state at 2/v or from a
vibrationally hot ground state.

7. Further excitation of C,Hy, C,H*

With absorption of a third quantum (321 kcal mol™)
in the parent manifold, H atom elimination is expected
to proceed at an enhanced rate; the fate of the resultant
C,H is discussed in the following section. A competing
process, which is thermodynamically allowed, is forma-
tion of CH A %A (C,H,~CH A%A +CH X %I, 294
kcalmol™?). MecDonald® has demonstrated such a chan-
nel at 296 kcal mol™, and it is likely that this is the
mechanism of our unimolecular CH A %A emission.
Production of CH C *Z" is also allowed for 3/v (C,H,
~CHC®S"+CHX °I1, 320 kcalmol™). Simultaneous
elimination of two hydrogen atoms in a concerted
three-center fission is rejected. Although 321 kcal mol™
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cxceeds the ionization limit of 263 kcal mol™!,?® there is
evidence that thc other processes are dominant.?” At
the 4hv level, the above climination and ionization pro-
cesses may proceed at higher rates, However, our data
convey a general deficiency of ionic emission, which
suggests that other processes intercede. For instance,
visible CH" emission, seen in helium/acetylene dis-
charges, 28 was not observed, nor were there unidenti-
fied components which might have been assigned to
ions. It appears then that our dominant unimolecular
dissociative channels do not demand recognition of es-
sential ionic intermediates (see, however, the discus-
sion of collisional processes in Sec. IV B).

2. Further excitation of C,H

The primary two-quantum H elimination from C,H,
is 90 kcal mol™ above threshold. There is an ambiguity
in the distribution of the excess energy between H atom
recoil and the internal energy of the C,H state addressed
in subsequent excitation. Regardless of the energy con-
tent within the range 0-90 kcal mol™?, absorption of two
additional quanta is required to produce C,d M, v =6
(C,H-C, @’ v’ =6 +H, 206 kcalmol™). C, C'I, re-
quires three additional quanta (C,H~C, C'll,+H, 221
kcalmol™!). C,H has been established as a gas-phase
photolysis product of C,H, through observation of ESR
signals in a rare gas matrix at 4 K.%® In a theoretical
analysis, Shih et al. 33! advocated 7— 7* excitation to
a specific acetylene precursor state 12; leading to
C,H 3%A’ and 224", The expected (0, 0) excitation en-
ergy is 9.7 eV or somewhat less, very close to the
valence states postulated by Wilkinson (who also sug-
gested a 7 excitation). Absorption®® and emission® of
C.H were treated in extensive ab initio calculations.
Excitation of C,H at 266 nm is supported through 7 — 7*
transitions, although the assignment is not complete in
detail. Additional resonant absorption leading to fur-
ther fragmentation (i.e., to C§) is then probable. In
successive H eliminations, if dissociation occurs through
singlet C,H,, then doublet C,H has the appropriate spin

5019

— = — = = T cH*+CH

el e

FIG. 8. Schematic of preferred chan-
nels of r— r* excitation (vertical
arrows}, intramolecular relaxation
(wavy arrow), and unimolecular frag-
mentation (dashed arrows) for photoly-
sis of CyH, by 266 nm 25 ps pulses.

to account for the triplet Swan emission; but triplet
CzH, would allow either doublet or quartet C,H.

In other studies of acetylene photolysis?'®? broad
structureless continua, tentatively ascribed to C,H*
(or to C,H#*), have been observed both in absorption
and in emission. The bent geometry of the upper C,H
state identified in the analysis of Shih is entirely con-
sistent with such a continuous spectrum and with the
long lifetime (6.2 us) reported by Becker.® These
emission characteristics are adverse to our conditions
of detection. Our failure to observe continuum emis-
sion does not exclude C,H as an intermediate.

We suggest a parallel to the process for C,H,: that
7—7* excitation of C,H leads to H elimination, with
direct production of Swan emission (C,H 22C¥ + H).
Production of CHA ?A or C%S” via C,H would require
a net absorption of 54y; CH* formation in direct
dissociation of the parent at 34v is suggested. The
above channels leading to the observed emissive frag-
ments are reprcsented in Fig. 8.

In the photolysis of C,H, by an ArF laser McDonald
et al. favored a similar channel of successive H atom
eliminations, but there C, A 'll, was the dominent C,
fragment. In the present work, the appearance of Cf
predominantly in the Swan system suggests a distinct
channel of formation; it is not firmly excluded that
excitation of the parent may occur entirely within the
triplet manifold.

3. Considerations of flux and fluence in the excitation
process

The conditions of excitation associated with our short
pulses clearly are singular. These considerations can
be expressed objectively in terms of flux and fluence,
and resonant versus nonresonant transitions. The
fluence estimated for the current work at low pulse
energy is ~ 10'° cm™; this is similar to levels employed
with resonant excitation by pulses of ~ 20 ns duration,
in which fragments were detected either by lumines-
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cence® or by mass spectrometry.’® The larger (10°-
10") flux values here, ~ 10 ¢m™ 5™, favor nonlinear
excitation (through virtual states), but we shall show
that the relative measure of nonlinear rates neverthe-
less is small.

Honig et al.* give a rough estimate of the ratio of
rates for nonresonant two-photon and resonant single-
photon transitions: ¢=107%2 F,, where F, is the photon
flux in units cm™s™, We estimate £=10"% for thepres-
ent study, Together with the linear absorption at
133 nm (1.3 em™ Torr™ !9) this corresponds to an ef-
fective two-quantum absorption of ~1072 cm™ Torr™.

In acetylene, the initial excitation from the ground
state must proceed with very low efficiency, whether
to a resonant triplet or via two quanta to a singlet,
Furthermore, our laser beam couples to a very small
fraction of the sample cell volume (single transverse
mode, longitudinal focusing). There was no indication
of cumulative chemistry, other than a minor consump-
tion of parent evidenced by a decrease (~5%) in emis-
sion levels after some hundreds of shots. No new spec-
tral components appeared in the course of such ex-
posure, nor did the waveforms of individual shots ex-
hibit changes in decay kinetics.

The small ¢ value has a further implication. Given
that transitions beyond the initial two-quantum event
proceed through identified resonances, off-resonant
terms should be relatively negligible. It follows that
the extent of subsequent excitation should be determined
by the fluence alone. Thus, for the minor fraction of
irradiated molecules which participate at all, the
severity of excitation should not be greater than in work
with much longer pulses of similar fluence.

On the other hand, for subsequent allowed resonant ex-
citations the rate is quite high. We consider as an in-
stance continued vertical excitation from the 2hv state
of acetylene, with the lifetime < 1,6 ps inferred above.
The photon fluence within this time is ~ 10'® em™. Thus
an allowed cross section as small as 107!® ¢m?® would
give a significant rate, and such channels cannot be dis-
missed on the basis of inadequate residence time. It
is possible that such processes may compete with re-
laxation to C,H#* or with C,H production.

For further excitation through resonant states of life-
time greater than the pulse duration (whether from
C.H¥, C,Hf*, or C,H), the entire fluence will be opera-
tive. Thus we suggest that sequential resonant excita-
tions proceed to saturation,*®® until some effective spec-
tral bottleneck is encountered. 3

B. Collisional processes

Collisional C, d *Il, formation has been established.
Similar processes seem likely for C,D'Z; and CH A %A.
The risetimes of such emission (e.g., Fig. 5 curve ¢)
must reflect depletion of precursor species. This de-
pletion is not necessarily dominated by the process
generative of the emissive fragments. In fact, large val-
ues of the precursor quenching constant 7, are demanded
even for partners at the full density of the parent (5
Torr C,H,): for C,d’M,, ~12x107° cm®s™; and for
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CH A®%A, ~30x107° cm®s™), These values are sub-
stantially larger than a typical diffusion-controlled rate
constant of 1071% ¢m®s™1 %" and seem relatively large
even for reactive radical or excited state species, 384
Rydberg states or ionic species, affording long-range
Coulomb forces, could account for the large cross
sections implied in the observed quenching constants.
Alternatively, suprathermal fragment velocities may
be involved.

The intermolecular Swan component accepts poorly a
fit to exponential formation. Thus, on an exploratory
basis, an hypothesized formation rate proportional to
[CH*F was used to construct model C# emission pro-
files. Faster processes are difficult to advance;
nevertheless, the model curves still do not treat ade-
quately the observed rapid rise.

V. CONCLUSION

Short-pulse UV excitation of isotopically labeled
C,H, has allowed us to identify prompt (unimolecular)
and delayed (intermolecular) channels of C, d'n, and
CH A %A production. The unimolecular production of
rotationally hot C, dRII, is clearly an essential feature
of one or of both of the H atom elimination processes.
It indicates dissociation of C,;H, or of C,H through a
bent transition state. The collisional process leads to
a still higher degree of rotational excitation in the emis-
sive fragments. Unimolecular formation of CH 4 %A and
Cc’c* are tentatively attributed to successive excitation
in the parent manifold, beyond the initial 2/ state, In
the collisional processes generating both C; and CH*,
precursors experience pressure-dependent depletion
rates which are indicative of ion—molecule reactions or
of suprathermal velocities.

Considerations of flux and of fluence indicate that
the measure of severity of excitation associated with
short pulses (and consequent high peak flux) is not
greater than in work with longer pulses. Indeed, long
pulses may allow »elaxalion within the duration of the
excitation pulse to yield parent-states or product frag-
ments subject to further excitation. Thus a diversity
of dissociative channels may be opened, which are not
characteristic of the directly-excited parent (cf. excita-
tion of C,H even in the current work). Hering e! al.*
have given a very clear demonstration of such effects
in fragmentation of benzene. It is possible that the
high quantum yield of Phillips emission cbserved in ArF
laser studies of acetylene® may be a consequence of the
much longer excitation pulse.

The preferred unimolecular route to CZ is entirely
consistent with the scheme outlined by Shih et a/,3%31;
successive excitations occur in the pi electron system
of C,H, and of the intermediate C,H. Following two-
quantum nonresonant 7 - 7* absorption by C,H;, the first
Hatomis lost within 2 ps. Thiseliminationisnotdirect,
however. It may occur indirectly at the initial electronic
energy 2/ (in branching other than to C.Hs*. which is
taken to be stable) or it may proceed from a vibrational-
ly excited ground s(ate formed via rapid internal con-
version. Subsequent excitation is taken to occur through
successive resonant 7- 7* absorptions in C,H, yielding
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C#. Although our techniques detect only emissive frag-
ments, the assignment by Okabe! of a quantum yield of
0.3 to the process C,H, ~C,H +H suggests that such Cg
production may initiate via a major dissociative route

of C;H,. The 215 ps risetime observed for C, Swan
emission may then reflect predissociation of C,H*, or
or alternatively it may reflect a relaxation process from
a higher triplet of C,.
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Repetitively pulsed mode-locked Nd:phosphate glass laser

oscillator-amplifier system

L. S. Goldberg, P. E. Schoen, and M. J. Marrone

Performance of a repetitively pulsed mode-locked Nd:glass laser system employing athermal phosphate
glass in the oscillator and amplifier stages is described. Improved passive mode-locking characteristics of
the oscillator are achieved through use of a 100-gm thick intracavity etalon, enabling reliable generation of
transform-limited pulses typically of 5-psec duration. The system produces 1054-nm pulses of high beam
quality and ~25-mJ energy at a pulse repetition rate of ~0.2 Hz. Subsequent frequency-doubling steps give
conversion efficiencies of ~50% and 25%, respectively.

I. Introduction

Nd-doped phosphate laser glass is becoming in-
creasingly used as a replacement for silicate glass in
mode-locked laser systems because of its higher gain,
lower nonlinear refractive index, and better thermal
properties. The development of thermally compen-
sated formulations of phosphate glass, which minimizes
the optical path length change with temperature, has
enabled operation of the mode-locked glass oscillator
at relatively high pulse repetition rates.! In recent pi-
cosecond photolysis experiments, we employed a
mode-locked Nd:phosphate glass oscillator-amplifier
system capable of generating energetic 5-psec duration
pulses at 1054 nm and harmonics in repetitively pulsed
operation.> The repetitive pulsing capability of this
glass laser system now allows more rapid set up of ex-
periments and substantially improved data acquisition
rates. This paper will describe the laser system and its
operating characteristics. In addition, we will present
new data on improved performance of the passively
mode-locked oscillator through use of an intracavity
etalon.

Il.  Oscillator

Figure 1 shows the optical arrangement of the laser
system. The laser rods used in these experiments were
Owens-Illinois EV-4 athermal phosphate glass. The
oscillator rod had dimensions of 6.4 X 89 mm and 1°
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wedged Ar-coated faces. It was housed in a single-el-
lipse pump cavity and excited by a simmered linear
xenon flashlamp of 4-mm bore diam. Flashlamp energy
was typically 18 J in a discharge of 300 usec. The os-
cillator was capable of a pulse repetition rate in excess
of 1 Hz. The saturable absorbing dye was Eastman
A9740 dissolved in 1,2-dichloroethane. The dye solu-
tion flowed through a cell with spacer thickness of 0.6
mm in optical contact with the 6-m curvature rear
mirror. The flat output mirror at a cavity separation
of 1.3 m had a reflectivity of 70%. Two Brewster angle
plates served as polarizing elements. The cavity also
contained an uncoated fused-silica etalon of 100-um
thickness (35-cm~! free spectral range and 0.15 fi-
nesse).

Use of a thin etalon inside the oscillator cavity was
found to have a beneficial stabilizing influence on the
passive mode locking, while still preserving generation
of short pulses.® During the buildup of a short pulse
from statistical noise fluctuations? restriction of the
large gain bandwidth (~180 cm™!) of the lasing medium
by an etalon reduces the spectral width and limits the
duration of the pulse developed at the end of the linear
amplification stage before nonlinear pulse shaping and
Q-switching by the saturable dye takes effect. A special
case has been treated in the literature, however, in which
an intracavity etalon is chosen of a thickness appro-
priate to match the gain width and is tuned critically for
minimum transmission at line center.’® The effect is
to flatten the curvature at the peak of the gain curve,
thereby enabling pulses of substantially wider band-
width and correspondingly shorter duration to he gen-
erated.

We have observed several noteworthy characteristics
in oscillator performance with use of a 100-um etalon.
Very regular bell-shaped pulse trains were generated
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Fig. 1. Schematic of the passively mode-locked Nd:phosphate glass laser system.

Pulse train with switched-out pulse from mode-locked os-
cillator using a 100-um thick etalon inside the cavity.
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Fig. 3. Spectrum (left) and TPF time profile (right) of a single pulse
from the mode-locked oscillator: (A) 50-um intracavity etalon: (B)
100-pm etalon; (C') 150-um etalon; (D) no etalon.

(Fig. 2) with no noticeable distortion in the train enve-
lope. The threshold pumping energy for mode locking
was ~10% lower. The statistical success rate for ob-
taining well-formed pulse trains was ~80%, the re-
mainder either containing satellite pulses or not lasing.

A TEMg spatial mode structure was obtained over the
entire duration of the pulse train without requiring use
of an intracavity aperture. This was rarely achieved in
the no-etalon case unless a forcing aperture was used
and then only at markedly higher pumping energy.
Pulse train output energy was maintained at a relatively
low value, typically 5 mJ, to minimize self-phase mod-
ulation distortion of the pulse through the intensity-
dependent nonlinear refractive index n»? This was
accomplished at a low saturable dye concentration
(~85% small-signal transmission) consistent with ob-
taining stable mode locking. In such an operation
transform-limited pulses could be extracted from higher
in the train envelope (~1/3 of peak), with accordingly
greater energy content (~25 uJ), before significant
spectral broadening and distortion in the pulse oc-
curred.

The spectral width of individual pulses was recorded
with an 0.8-m spectrograph coupled to a Reticon diode
array. Concurrently, the pulse duration was deter-
mined by the two-photon fluorescence (TPF) method
in a colliding beam geometry, with the track imaged by
an intensified vidicon system. Since only a small por-
tion of the main beam was sampled (Fig. 1) for these
measurements, the pulses were amplified by a factor of
~50. Figure 3(B) shows the spectrum and TPF auto-
correlation time profile of the pulse selected from the
train in Fig. 2 for use of a 100-um etalon in the oscillator
cavity. The contrast ratio of the TPF trace is close to
3:1. Assuming a Gaussian pulse shape for deconvolu-
tion, the pulse duration (FWHM) is 4.7 psec; the pulse
spectral width (FWHM) is 4.2 cm~!. This corresponds
to a time-bandwidth product ArAvr = 0.6, very near to
the transform limit of 0.44 for Gaussian pulses. The
etalon was tilted to adjust the lasing spectrum to the
peak of the gain curve, although no significant change
in spectral width or pulse duration could be found when
tuning throughout the etalon’s free spectral range.
Figures 3(A) and (C) show representative data for use
of 50- and 150-um uncoated etalons, respectively. In
these cases the pulses are clearly longer (7.1, 8.5 psec)
than for use of the 100-um etalon, and their spectra are
correspondingly narrower (3.6, 2.4 cm~! Figure 3(D)
shows data for a well-formed pulse obtained with no
etalon in the cavity. The pulse necessarily was selected
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early in the train at ~1/10 peak envelope intensity. The
pulse duration is 3.3 psec, and the spectral width is 6
cm~L :

. Amplifier Stages

A conventional Pockels cell switch with a photo-
diode-triggered Krytron pulse circuit was used to ex-
tract a single pulse from the train. The contrast ratio
for the switched-out pulse was 2 X 104. Two amplifier
stages were used in the laser system, the first with a
6.4-mm diam laser rod in a double-pass configuration,
and the second with a 9.5-mm diam rod. Both rods
were pumped over a length of 192 mm. Each had par-
allel, 0.5° canted AR-coated faces. The pumping
chambers, manufactured by J-K Lasers, contained a
quad arrangement of linear xenon flashlamps (7-mm
bore diam) in a close-coupled diffusely reflecting
water-filled cavity. Each of the four lamps was wired
independently in a series-triggered discharge circuit (C
=125 uF, L = 128 uH), charged through isolating diodes
from the same high-voltage supply. The discharges
were critically damped and of ~300-usec duration.

The input beam to the first amplifier stage was ex-
panded by a factor of 2 and was shaped by apodization
to remove the wings of the Guassian intensity distri-
bution. This was accomplished using an aperture of
diameter d = 1.3 mm to truncate the beam at approxi-
mately the e~1intensity points. The far-field diffrac-
tion pattern formed in the focal plane of the adjacent
lens was then spatially filtered by a 200-um pinhole.
The pinhole size was chosen to clip the diffraction
pattern at the first intensity null, of diameter 2.44 \f/d,
thereby passing only the central Airy disk. This
shaping procedure produced a beam which could better
fill the amplifier aperture and propagate without de-
veloping an edge-generated diffraction ring structure.

The double-pass arrangement enabled the relatively
weak single pulse from the oscillator to be amplified in
a single stage to an energy of ~3 mdJ. At this energy the
degree of intensity-dependent n distortion in the pulse
remained within reasonable bounds. Inthis regard the
M\/4 plate provided a benefit in addition to its essential
service as a double-pass polarization rotator, since
propagation of circularly polarized radiation through
the amplifying medium yields an effective n» that is
reduced by a factor of 1.35-1.5.19 A gain of ~300 was
readily achieved for the double pass at a total flashlamp
energy of 400 J. Because of good thermal dissipation
in the small diameter rod, this amplifier could be op-
erated at 0.5-Hz repetition rate without significant
thermal lensing effects. Use of this amplifier alone
proved a major convenience for rapid set up of experi-
ments. The average power loading is well below burst
levels for the rod (estimated at ~800 W). At about half
of this level thermally induced stress birefringence
would become a serious problem.

Before the beam entered the final amplifier it was
again apodized and expanded to fill the 9.5-mm diam
rod. The input aperture was set at 4.0 mm, and the
pinhole spatial filter at 400 um. The spatial filter
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served the important function at the higher input pulse
energies of removing high spatial frequency intensity
fluctuations from the beam. Such spatial beam struc-
ture can lead to small-scale self-focusing in the amplifier
medium and consequent optical component damage.!!
It also results in a severely modulated intensity profile
for a frequency-upconverted beam after successive
stages of nonlinear harmonic generation.

Output pulses of ~25-mJ energy were obtained from
the final amplifier at a gain setting of ~15. For the
current rod diameter pulses amplified much above this
energy experienced excessive nonlinear distortion. The
flashlamp pumping energy required was 575 J. The
pulse repetition rate was set conservatively at ~0.2 Hz,
although lower gain settings allowed still higher repe-
tition rates. The resulting thermal loading of the am-
plifier rod produced a moderate degree of thermal
lensing as the beam, observed several meters distant,
diminished in size and then stabilized within several
pulses after the laser began operating. Burn patterns
of the output beam taken on developed Polaroid film
were smooth, showing no noticeable diffraction struc-
ture; they were also fairly circular as a result of the
symmetric four-lamp pumping geometry.

The thermal lensing could largely be corrected by
adjusting the recollimating lens ir the beam-expanding
lens pair. This was important since optimum frequency
doubling in an angle-tuned KD*P crystal requires a
highly collimated beam. For 1054-nm input the phase
matching acceptance angle of the 2-cm length type I
crystal used was 0.8 mrad. We obtained a doubling
efficiency of ~50%, giving a pulse énergy of ~12 mJ at
527 nm.

The fourth harmonic was produced by a second step
of frequency doubling in a temperature-tuned 90° ori-
ented ADP crystal. Because of increased dispersion in
the refractive indices of the crystal in the UV, the
spectral content of the pulse and group velocity dis-
persion become critical parameters in effective doubling
of a 527-nm pulse.!> As a consequence, a short 5-mm
length ADP crystal (at 32°C) was used.. The phase
matching frequency bandwidth then is 8.8 cm~!, which
adequately encompasses the near-transform-limited
spectrum of the 527-nm input pulse. However, the
group velocity mismatch between fundamental and
harmonic frequencies is 8 psec, which implies a temporal
walkoff in the crystal that will reduce the conversion
efficiency and stretch the harmonic pulse. In our ex-
periments we obtained a pulse energy of ~3 mJ at 263.5
nm corresponding to a doubling efficiency of ~25%.
The overall conversion efficiency of pulse energy from
1054 nm to the fourth harmonic was ~12%.

IV. Conclusion

We have described a mode-locked Nd:phosphate
glass laser system capable of producing energetic short
pulses of high beam quality at fundamental and har-
monic frequencies at repetition rates of 0.2 Hz or better.
The higher data acquisition rates afforded by this glass
laser system make it well-suited for use in picosecond
laser spectroscopy experiments.
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Piccseccnd Continuum Broad-Rand CARS Probe

Summary

Coherent antistokes Naman scattering (CARS) provides a powerful diagnostic
approach to the identification and study of transient molecular fragment
species produced as the primary events in UV laser photolysis of melecules.
Gross et al.l applied nenosecond dye laser technigues to obtain scanned as well
as broad-band single-shot CARS spectra of transient species from UV photolysis
of zas-phase benzene and derivatives. Recently, Hetherington et 2l.2 extended
this work to the picoseccnd time scale using optical parametric generation to
provide tunable frequency Stokes pulses for a point—by—point spectrum. This
pape% reports the first demonstation of a picosecond broad-band CARS probe
technique. The method utilizes the picosecond white-light continuum3 as
Stokes light and enables an extensive, time-resolved antistokes spectrum to be
obtained in a single laser shot. |

The experiments are being conducted with a recently developed
repetitively-pulsed modelocked Nd:phosphate glass laser system.h The laser
produces energetic 5 ps pulses of high beam quality at 105k ﬁm and harmonics, at
a repetition rate of ~1/5 Hz. The laser second harmonic at 527 nm serves as the
pump frequency, wy, for the four-wave nonlinear CARS interaction. The 1054 nm -
fundamental is focused into a 5-cm liquid D50 cell to produce a picosecond pulse
continuum, extending throughout the visible and near IR spectrum. The continuum
beam is filtered to pass wavelengths >530 nm, which provides a broad band of

light at Stokes frequencies, wp. The two pulses are combined spatially and
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temporally,'and focused into a gas sample cell. Relatively strong ccherent
antistokes signals are genercted cver tlis spectrum of frequegcies, Wy = 287 -~ Wo,
corresponding to Raman-active vibraticnal rescnances, Wy - Wp, of the cysten
under study. The w3 beam is spectrally filtered and focused into a 0.2-m
srulting spectrograph. The dispersed TARS §pectrum is then recorded by an
intensified vidicon systen.

Figure 1 presents an initial CARS spectrum, at low resolution, obtained with
& single 5 ps pulse from gound-state tenzene vapor at 40 Torr. The prominent
narrow spectral feature is identified as the 3070 em1 symmetriq C-H stretch
mode of benzene. The vibretional frequency range encormpassed in this spectrunm
extends from approximately 1500 em1l to beyond 4000 cm~l. This corresponds to
white-light emission from 570 nm to 670 nm: over this region the intensity dces
not vary greatly. There is, however, an exceptionally intense emission near
720 nm, which gives rise to a nonresonant CARS signal seen as the broad feature
at the left edge of the spectrum in Fig. 1.

Experiments are continuing on gaseous and condensed-phase organic molecules

to apply this probe technique to studies of transient photofragment formation

and ultrafast reactions following 264 nm photolysis.
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Figure 1. Lower trace: Single-shot picosecond CARS spectrum in benzene

vapor, at low resolution. The prominent antistokes emission feature corresponds
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PICOSECOND STREAK CAMERA FLUOROMETRY: 'A REVIEW

INVITED PAPER

A. Jd. Campillo
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U.S. Naval Research Laboratory
Washington, D. C. 20375

S. L. Shapiro
Molecular Spectroscopy Division
National Bureau of Standards
Washington, D. C. 20234

ABSTRACT

A general tutorial survey is presented describing the use of
ultrafast streak cameras in picosecond fluorometry. Current instruments
exhibit time resolutions of 1 to 10 ps with detection_sensitivities of a few
photoelectrons. Uhen linear photoelectric recording is employed, a real-time
direct display of optical transients is provided. Representative examples
from the literature in physics, chemistry and biology are given as well as an

extensive bibliography.
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INTRODUCTION

The ultrafast streak camera is one of the most versatile instruments used
today in picosecond spectroscopy. Its usefulness arises from its excellent
time reso]ution? its ability to determine optical tempofa] profiles directly
and in a single shot, if need be, and its straightforward integration into
remarkably simple experimental configurations. Although the device itself is
electronically sophisticated, it resembles a photomultiplier/oscilloscope
combination in convenience and operation. This is not cofhcidenta] since the
streak camera is a photoelectric image converter camera possessing a time-base
deflection system similar in principle to those used in cathode-ray
osci]]oséopes. However, the streak camera possesses two significant
advantages over the oscilloscope. First, it yields the temporal history of
one spatial dimension. Second, demonstrated bandwidths far exceed that of any
present or projected oscilloscope.

The streak camera historically was first used as a diagnostic tool to
characterize the output of mode-locked lasers and for monitorin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>